The paper examines volatility transmission from crude oil market to agricultural commodities like wheat, corn, cotton and soybeans. We find that the volatility transmission from crude oil to agricultural commodities exhibits sudden changes over a study period. We also examine whether the sudden changes in volatility influence the observed sudden changes in volatility transmission from crude oil to agricultural commodities. Our results indicate the observed sudden change in volatility transmission mechanism is not influenced by sudden changes in volatility series.
Introduction
Crude oil is considered to be the most important commodity in term of its daily traded value and consumption and is known to be the life-blood of the given economy. Hence, it is important to examine the characteristics of crude oil price changes. Crude oil is part of the production function of many commodities including agricultural commodities. In one way or the other, crude oil prices also influence the price changes in agricultural commodities (Mitchell [1] ). Moreover, commodities like soybeans, sugar and corn can be used for the production of bio-ethanol and bio-diesel which can act as a substitute for crude oil, hence, the crude oil prices can be considered to be linked with agricultural commodities prices (Chang and Su [2] ). The production of these bio-fuels depends on the supply of raw materials (corn, soybeans) which affect the sensitivity of price changes of these commodities with respect to price changes in crude oil (Schmidhuber [3] ). Commodities like natural rubber and manmade fibres have an alternative in the form of synthetic rubber which is one of the by-products of crude oil.
The prices of many important agricultural commodities have shown an upward trend during the period 2006 to mid of 2008. In the mid of 2008 when the crude oil prices were at the peak, the prices of major agricultural commodities were also at the record high level. This also highlights the presence of inter-linkages between crude oil prices and agricultural commodities prices. Moreover, the fluctuating agricultural commodities prices will always remain a cause of concern to regulators, government, consumers, and traders.
The fluctuating crude oil prices significantly influence the economy of both oil exporting and oil importing countries by impacting different sectors of the economy. The growth in commodity markets around the globe has also provided immense opportunities to global investors, speculators and traders. Now, investors and other market participants have started using commodities in their portfolios for hedging and risk management (Baffes and Hanitis [4] ). Such use of commodities as an asset in portfolio significantly influences the integration relationship between agricultural commodities and crude oil (Nazlioglu et al. [5] ).
The core objective of this study is to examine the behaviour of volatility spillover between agricultural commodities (wheat, corn, cotton and soybeans) and crude oil. We estimate the dynamic volatility spillover coefficients to highlight the evolutionary characteristics of the volatility spillover and to examine the impact of market crashes and crises on sudden changes in this evolutionary behaviour of volatility spillover. The sudden changes in volatility spillover effect may be related to the presence of contagion from crude oil to agricultural commodities. In this paper, we also test whether the sudden changes in volatility spillover from crude oil to agricultural commodities is actually contagion or not.
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The rest of the paper is structured as follow: Section 2 presents a literature review. Section 3 provides data description, research methodology used in the paper and some preliminary analysis of data. Sections 4 and 5 present empirical results and final conclusions, respectively.
Literature Review
Various studies have been conducted to analyze the co-movements in agricultural commodities prices and crude oil prices. Using monthly data of Crude oil, copper, gold, wheat, cotton, cocoa, lumber and cocoa, Pindyck and Rotemberg [6] find strong correlation between crude oil and other agricultural commodities and highlight that the correlation is mainly influenced by herding in these commodity markets. Palakas and Varangis [7] also make use of monthly data of crude oil, silver, wheat, coffee, cotton, lead, copper and rubber to examine cointegration relationship among them and find strong evidence of co-movement in these commodities. Baffes [8] used annual data to analyze the impact of crude oil price on 35 internationally traded commodities for a period of 45 years ranging from 1960 to 2005 and find that crude oil prices have long run impact on prices of agricultural commodities. Campiche et al. [9] used weekly data for a period from 2003 to 2007 to examine cointegration relationship among Crude oil prices and corn, sorghum, sugar, soybeans, soybean oil, and palm oil and find no long run relationship between crude oil and agricultural commodities prices.
Using monthly data of Crude oil, corn, soy meal, and pork, Zhang and Reed [10] highlighted that crude oil prices show weak relationship with the agricultural commodities. Harri, Nalley and Hudson [11] and Chang and Su [2] examine the volatility spillover from crude oil futures to corn futures and find that volatility spillover from crude oil to corn are mainly significant during the periods of crisis and crashes in markets. Alghalith [12] and Chen et al. [13] also find significant impact of return volatility in crude oil prices on return volatility of agricultural commodities. Gohin and Chantret [14] find a negative relationship between crude oil prices and agricultural commodity markets. However, Gilbert and Morgan [15] obtained opposite findings as crude oil prices negatively impact the agricultural commodity prices. Using co-integration approach, Saghaian [16] and Alom et al. [17] observed strong correlation between crude oil prices and agricultural commodities prices. However, Mutuc et al. [18] and Zhang et al. [19] find no direct correlation between crude oil prices and agricultural commodities prices. Moreover, Kaltalioglu and Soutas [20] did not find any evidence of volatility spillover from crude oil to agricultural commodities. Cha and Bae [21] and Du et al. [22] find significant evidence of volatility spillover from crude oil to agricultural commodities. Serra [23] finds significant evidence of volatility spillover between crude oil, bioethanol and sugar prices in Brazilian market.
Nazlioglu and Soytas [24] examine the dynamic relationship of 24 agricultural commodities prices with crude oil prices using panel data analysis and find strong positive impact of fluctuations in crude oil prices on prices of agricultural commodities. On the other hand, Reboredo [25] finds weak impact of crude oil prices on agricultural commodities prices. Using multivariate GARCH approach, Gardebroek and Hernandez [26] examine the volatility spillover from crude oil market to agricultural commodity market but find no significant evidence of volatility spillover.
However, Wu and Li [27] find significant volatility spillover from crude oil to corn and ethanol market. Mensi et al. [28] examine the dynamic linkages between energy market and agricultural commodities (mainly grains) and find evidence of significant linkages between these markets. Wang et al. [29] examine the influence of crude oil price shocks on agricultural commodities before and after crisis of 2007-08 and find that the impact of crude oil prices on agricultural commodities prices are higher during the post-crisis period. Jiang, Marshand Tozer [30] examine the volatility transmission from crude oil to corn and find that this market interlink ages depend on ethanol-gasoline consumption ratio. Fernandez-Perez, Frijns and Tourani-Rad [31] examine the contemporaneous interactions among energy (oil and ethanol) and agricultural commodities (corn, soybean, and wheat) in the United States using structural VAR model which incorporate the impact of heteroskedasticity and find evidence of unidirectional contemporaneous impact from crude oil to the agricultural commodities.
Most of the previous studies examine the volatility and information spillover from crude oil to agricultural commodities. Under the influence of various crashes and crises, this interrelationship may not remain structurally stable and most of the earlier studies fail to highlight this. In this study, we highlight that the time varying volatility spillover from crude oil to agricultural commodities does not remain statistically constant but exhibit occasional sudden changes which highlights the evidence of contagion.
Data and Methodology

Data
We use open, high, low and close prices data to estimate unbiased Rogers and Satchell [32] 
Rogers and Satchell (1991) Range Based Volatility Estimator
Rogers and Satchell [32] derive an extreme value estimator for the unconditional variance of an asset price which has the attractive property that it remains unbiased for any value of the drift. Suppose O t , H t , L t and C t are the opening, high, low and closing prices of an asset on day t. Define: 
Hence the unbiased extreme value estimator of variance as proposed by Rogers and Satchell [32] is given by:
In this paper, we propose the use of var uxvx in place of 2 t ε to detect structural breaks in the variance of the time series.
Inclan and Tiao's (IT) [33] ICSS Algorithm
We apply Inclan and Tiao [33] 
where C T is the sum of squared residuals from the whole sample period. If there are no sudden changes in the variance of the series then the D k statistic oscillates around zero and when plotted against k, it looks like a horizontal line. On the other hand, if there are sudden changes in the variance of the series, then the D k statistics values drift either above or below zero.
Heterogeneous Autoregressive (HAR) Model
The HAR model proposed by Corsi [34] 
We have used MATLAB software to perform the analysis. Table 1 presents the summary statistics of Log(RS) of the data considered in this study. On average, wheat appears to be highly volatile than other commodities and volatility in soybeans prices is the least. The volatility of volatility (the standard deviation of Log(RS) estimator) is the highest for cotton, however, the volatility of volatility is quite comparable across all the given commodities. The 
Descriptive Statistics
Empirical Results
First we examine the volatility spillover effect from crude oil to agricultural commodities based on full sample analysis. Next, we perform moving sub-sample analysis to examine the evolution of volatility spillover from crude oil to agricultural commodities and look forward to see the reason of observed breaks in volatility spillover mechanism from crude oil to agricultural commodities. Table 3 presents the parameter estimates of the given HAR framework for the full sample. The lagged daily, weekly and monthly volatility components of all the commodities are positive and significant at 1% level of significance.
HAR model Estimation
Results indicate that the monthly and weekly volatility components have major impact on current volatility of the given commodities in comparison to lagged daily volatility component. The lagged daily volatility component of crude oil is positive and significant at conventional levels of significance for all the given commodities. However, the influence of crude oil volatility component is the highest for corn followed by wheat, cotton and soybeans. This may be related to relationship between crude oil and bio-fuels produced from corn. The adjusted R 2 is the highest for wheat followed by corn, soybeans and cotton.
Overall, our findings indicate that the HAR model appropriately captures the volatility spillover effect from crude oil to the given agricultural commodities for whole sample. Next, we will analyze the structural stability of the volatility spillover using time varying volatility spillover analysis. If we observe any structural breaks in volatility transmission mechanism, then we will look forward to examine if these structural breaks in volatility spillover represent contagion or these are due to increase in volatility during crashes and crisis, that is, heteroskedasticity. # and * mean significant at 1% and 5% levels of significance.
Volatility Spillover from Crude Oil to Agricultural Commodities over Time
We make use of moving window (of 250 observations) to re-estimate the HAR model so as to extract the spillover parameter estimates from crude oil to agricultural commodities. These time-varying spillover coefficients are plotted with 95% confidence band. We make use of robust stand errors to generate 95% confidence band. 
Do Sudden Changes in Volatility Impact the Sudden Changes in Volatility Spillover?
Next, we test whether the presence of structural breaks in volatility explains the structural breaks observed in volatility spillover from crude oil to agricultural commodities. We apply Inclan and Tiao's [33] test to detect structural break dates in Log(RS) estimator. Figure 3 presents the Log(RS) of all commodities with volatility regimes. We obtain two volatility regimes in nearly all the given commodities. Next, we incorporate the impact of these structural breaks in volatility and generate break adjusted Log(RS) estimator. Next, we apply HAR framework using moving windows to examine the impact of structural breaks in volatility on observed structural breaks in volatility spillover. Figure 4 presents the plots of time varying volatility spillover from crude oil to agricultural commodities based on the break adjusted Log(RS). Results indicate that the evolution of volatility spillover from crude oil to agricultural commodities for the break adjusted data exhibit similar pattern and characteristics as shown by Log(RS). This indicates that the structural breaks in volatility series do not explain the structural breaks in volatility spillover pattern from crude oil to agricultural commodities. This 
Policy Implications
Volatility spillover from crude oil to agricultural commodities has several policy implications from the perspective of policy makers, government, investors, portfolio managers and risk managers. From the perspective of policy makers and 
Conclusion
The main objective of this paper is to examine what impacts the observed structural breaks in volatility spillover mechanism from crude oil to agricultural commodities. Using daily data, we first examine the impact of volatility in crude oil on volatility of agricultural commodities (wheat, corn, cotton and soybeans) based on heterogeneous autoregressive (HAR) model for whole sample. We find evidence of significant volatility spillover from crude oil to agricultural commodities based on whole sample analysis. The period of study is influenced by various periods of turbulence and evolution of volatility spillover from crude to agricultural commodities may not remain stable. Next, we estimate time varying volatility spillover parameters from crude oil to agricultural commodities and find that indeed the volatility spillover from crude oil to agricultural commodities does not remain stable but exhibit multiple structural breaks which can be related to the evidence of contagion from crude oil to agricultural commodities.
Next, we test whether the structural breaks in volatility can explain the observed structural breaks in measuring volatility spillover mechanism. Our findings indicate that the structural breaks in volatility do not explain observed structural breaks in volatility spillover which support the evidence of significant contagion from crude oil to agricultural commodities during the periods of crashes and crisis. Further research can be conducted to understand the reasons of structural breaks in volatility spillover from crude oil agricultural commodities.
